Quantum oscillations of dissipative resistance in crossed electric and magnetic fields 
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Oscillations of dissipative resistance of two-dimensional electrons in GaAs quantum wells are 
observed in response to an electric current / and a strong magnetic field applied perpendicular to 
the two-dimensional systems. Period of the current-induced oscillations does not depend on the 
magnetic field and temperature. At a fixed current the oscillations are periodic in inverse magnetic 
fields with a period that does not depend on dc bias. The proposed model considers spatial variations 
of electron filling factor, which are induced by the electric current, as the origin of the resistance 
oscillations. 



I. INTRODUCTION 

Nonlinear transport properties of two-dimensional 
electrons, placed in quantizing magnetic fields, attract 
a great deal of attention both for its fundamental impor- 
tance and remarkable properties found in highly mobile 
electron systems. In response to both microwave radia- 
tion and dc excitations, strongly nonlinear electron trans- 
port [H437j| that gives rise to unusual electron states 38- 
47| has been reported and investigated. Very recent ex- 
perimental studies in the low frequency domain [Til [22I — 
24j reveal that the dominant mechanism of the nonlinear- 
ity is related to a peculiar quantal heating ("inelastic" 
mechanism [33| ) . which may not increase the broaden- 
ing of electron distribution ( "temperature" ) in systems 
with discrete spectrum [22|, [23| . Due to this extraordi- 
nary property, the Joule heating strongly affects the elec- 
tron transport in quantum conductors. Microwave stud- 
ies of the nonlinearity [20I ] in very high mobility systems 
indicate the relevance of another nonlinear mechanism: 
electric field induced variations in the kinematics of elec- 
tron scattering on impurities ( "displacement" mechanism 
l26l . l32j ) , which limits the lifetime of an electron in a 
quantum state. The interplay between these two mecha- 
nisms has been investigated theoretically [36j]. 

In this paper we show that at higher magnetic fields 
there is an additional nonlinear mechanism, which in- 
duces substantial oscillations of the electron resistance in 
response to the applied electric current. The period of the 
oscillations does not depend on the magnetic field. The 
oscillations are observed at low temperatures and strong 
magnetic fields, at which the quantum [Shubnikov-de 
Haas (SdH)] oscillations are well developed. The current- 
induced oscillations correlate with the SdH oscillations 
and are periodic in inverse magnetic fields. The oscilla- 
tions are absent at smaller magnetic fields at which the 
SdH oscillations are also small or absent. The oscillations 
are found in samples with long quantum electron lifetime 
T q = 4 (ps) and are not observed in systems with broad 
Landau levels [r q — 1 (ps)]. 



The proposed theoretical model considers the oscil- 
lations as a result of the electrostatic redistribution of 
the electron density, which induces the electric field and, 
thus, the electric current in the systems. The electron 
redistribution occurs across the sample and is associated 
with a spatial variation of the number of occupied Lan- 
dau levels. The model indicates that the resistance os- 
cillates with the electric current with a period that does 
not depend on the magnetic field and the temperature. 



II. EXPERIMENTAL SETUP 

Our samples are high-mobility GaAs quantum wells 
grown by molecular beam epitaxy on semi-insulating 
(001) GaAs substrates. The width of the GaAs quan- 
tum well is 13 nm. Two AlAs/GaAs type-II superlattices 
grown on both sides of the well served as barriers, pro- 
viding a high mobility of two-dimensional (2D) electrons 
inside the well at a high electron density [48[. This is an 
important property of our samples and is discussed below 
in more detail. Two samples (Nl, N2) were studied with 
electron density ri\^ = 8.2 xlO 15 (m~ 2 ), mobility /Lt^a = 
93 (m 2 /Vs) and quantum lifetime r q = 4 (ps). Another 
two samples (N3, N4) had similar electron density n% = 
8.2 xlO 15 (m~ 2 ), n 4 = 12.2 xlO 15 (m~ 2 ), and mobility 
/J3 = 86 (m 2 /Vs), /U4 = 89 (m 2 /Vs), but much shorter 
quantum lifetime T q = 1 (ps). 

The studied 2D electron systems are etched in the 
shape of a Hall bar. The width and the length of the 
measured part of the samples are d = 50/im and L = 
250/ito. To measure the resistance we have used the four 
probes method. Direct electric current I& c (dc bias) is ap- 
plied simultaneously with 12 Hz ac excitation I ac through 
the same current contacts (x direction). The longitudi- 
nal and ac (dc) voltage V££ (V^) is measured between 
potential contacts displaced 250 \im along each side of the 
sample. The Hall voltage Vh is measured between poten- 
tial contacts displaced 50/im across the electric current 
in y direction. 
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FIG. 1: Dependence of dissipative differential resistance R xx on magnetic field B and electric current 7 dc . Left panel presents 
data for sample Nl with quantum scattering time r q — 4 (ps) at temperature T — 4.77 (K): (a) 2D plot R xx vs B and Idc', (b) 
7?^ vs B at I dc = (juA); (c) R xx vs J dc at S = 0.6 (T); (d) R xx vs I dc at B — 2.0 (T); (e) R xx vs 7 dc at B = 1.87 (T). Right 
panel presents data for sample N3 with quantum scattering time r q = 1 (ps) at temperature T = 4.2 (K): (al) 2D plot R xx vs 
B and 7 dc ; (bl) fl M vs B at J dc = OA); (cl) Rxx vs I dc at B = 0.6 (T); (dl) B^ vs 7 dc at B = 2.0 (T); (el) 7?^ vs 7 dc at 
B = 1.87 (T). 



The current contacts are sufficiently separated from 
the measured area by a distance of 500/im, which is much 
greater than the inelastic relaxation length of the 2D elec- 
trons Li n — (DTin) 1 / 2 ^1 — 5 (/im). This ensures that 
the current contacts do not affect the results of the mea- 
surements. The longitudinal and Hall ac voltages were 
measured simultaneously using two lockin amplifiers with 
10-Mf2 input impedances, dc voltages were measured, 
using high impedance (1 GJ7) voltmeters. The potential 
contacts provided insignificant contribution to the over- 
all response due to small values of the contact resistance 
(about lKfi) and negligibly small electric current flowing 
through the contacts. 

Measurements were carried out for different tempera- 
tures in the range of 0.3-10 Kelvin in a He- 3 insert in 
a superconducting solenoid. Samples and a calibrated 
thermometer were mounted on a cold copper finger in 



vacuum. Magnetic fields were applied perpendicular to 
the 2D electron layers. 

III. RESULTS 

Figure Q] presents the magnetoresitance of two 2D elec- 
tron systems with approximately the same electron den- 
sity but with different electron lifetime r q . The left panel, 
Figs. QJa)-flIe), shows data taken at temperature T = 
4.77 K for sample Nl with r q = 4 (ps). Figure [TJa) 
demonstrates an overall behavior of the differential resis- 
tance at different dc currents from -80 to 80 OA) and 
magnetic fields from 1 to 2.25 T. Taken at zero dc bias 
[Idc = OA)] vertical cut of the 2D plot corresponds 
to the linear response of the system. The cut, extended 
to zero magnetic field, is shown in Fig. [IJb). The figure 
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FIG. 2: Panels (al), (bl) and (cl) present dependence of differential resistance of sample Nl on magnetic field and dc bias 
taken at different temperatures as labeled. Bright(dark) spots indicate high(low) resistance. Panels (a2), (b2), and (c2) present 
horizontal cuts of the plots shown in (al), (bl), and (cl) at magnetic field B = 2.19 (T). Figures (a3), (b3), and (c3) present 
horizontal cuts of the plots shown in(al), (bl), anb (cl) taken at magnetic field B = 2.25 (T). 



demonstrates well-known Shubnikov de Haas (SdH) oscil- 
lations of the resistance. These oscillations are periodic 
in the inverse magnetic field 1/B. Figure [He) demon- 
strates a horizontal cut of the 2D plot, which is taken 
at magnetic field B = 0.6 T. At this magnetic field the 
SdH oscillations are absent as shown in Fig. [IJb). The 
strong decrease of the resistance with the dc bias is due 
to quantal heating, which is studied for this sample in de- 
tail inRef. [22[ (see also Ref. 24 1 ). Figure [TJd) presents 
another dependence of the resistance on the dc bias. The 
dependence is taken at a maximum of SdH oscillations 
and corresponds to a horizontal cut of the 2D plot at B = 
2 T. Figure QJd) shows oscillations of the resistance with 
the dc bias. Figure QJe) shows a dc bias dependence of 
the resistance taken at minimum of SdH oscillations at 
B = 1.87 T. Figure[TJe) demonstrates oscillations, which 
are complementary to the oscillations shown in Fig. [TJd) . 
Sample N2 exhibits similar oscillations (not shown) . The 
oscillations presented in Figs. [Ha) Old) an d[He) are the 
main subject of this paper [49j. 



The right panel of Fig. [T] presents data obtained for 
sample N3 with similar electron density but with con- 
siderably shorter quantum scattering time r q = 1 (ps). 
The data are taken at temperature T = 4.2 K. Figures 
QJal)-QJel) demonstrate dependencies taken at the same 
conditions as the dependencies presented in Figures []Ja)- 
QJe) ■ Due to the shorter time r q the Landau levels in the 
sample N3 are considerably broader than the quantum 
levels in the sample Nl and overlap substantially at B = 
0.6 (T) (see Fig. 2 in Ref.[22| ). In result shown in Fig. 
Hfcl) resistance variations are considerably smaller the 



one shown in FigOI c) [2J,|33(. Figures Q^al ), Hfdl) and 



[Tfel) exhibit qualitatively different behavior: sample N3 
does not show any oscillations with the dc bias. 

Figure [2] demonstrates the effect of temperature on 
these oscillations. Figures [2jal),[2]Jbl) and[2jcl) present 
the dependence of the differential resistance on mag- 
netic field and dc bias taken at different temperatures 
as shown. The amplitude and shape of the oscillations 
depend on the temperature but the positions of the oscil- 
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FIG. 3: Dependence of the dissipative resistance on inverse 
magnetic field and dc bias. T=4.77 (K). Sample Nl. 

lations are essentially the same at different temperatures. 
At the lowest temperature T = 0.3 (K) spin splitting 
of the Landau levels is observed. The splitting makes 
correlations between different curves less obvious. Fig- 
ures [2ja2),[2][b2) and[2jc2) present horizontal cuts of the 
corresponding 2D plots [Hal), HJbl) and^cl) taken at 
magnetic field B = 2.19 Tesla. At this magnetic field a 
maximum of SdH oscillations, which correspond to a spin 
polarized Landau level, is observed at T = 0.3 (K). The 
cuts indicate maximums at around +35 and -35 (/xA) 
for all three temperatures. Arrows mark the maximums. 
The magnitude of the oscillations increases as the tem- 
perature decrease. Figures[2fa3),[2jb3) and[2jc3) present 
horizontal cuts taken at magnetic field B = 2.25 (T). 
These cuts correspond to a SdH resistance maximum at 
high temperatures, which evolves into a minimum at low- 
est temperature T = 0.3 (K) at which the spin splitting- 
is larger the temperature. Two cuts taken at T = 7.98 
(K) and at the T = 4.75 (K) [Figs. |2fa3) and H>3)] 
demonstrate good correlation. At lowest temperature 
the resistance demonstrates minimum at zero dc bias and 
maximums at +35 and -35 (/xA) are not observed. 

Figure [3] presents dependence of the differential resis- 
tance on the inverse magnetic field and dc bias for sample 
Nl. The plot emphasizes the periodicity of the observed 
oscillations with respect to both the dc bias and the in- 
verse magnetic field 1/B. The figure indicates that the 
positions of the oscillations with respect to the dc bias do 
not change considerably with almost two times variation 
of the magnetic field. 

Figure Eta) presents vertical cuts of Fig 13] taken at dif- 
ferent dc biases, which are close to maximums and min- 
imums shown on FigQJd). The figure demonstrates that 
the 1/B periodic oscillations at Id c = -32.5 and -71.1 fiA 




FIG. 4: (a)Dependence of the dissipative resistance on inverse 
magnetic field at different dc biases as labeled. The curves are 
shifted from the top to the bottom by 260, 120, 80, 35 and 
(fi) for clarity; (b) Fourier transformation of the oscillations 
shown in (a) at two dc biases as labeled. Inset shows de- 
pendence of the first harmonic of the oscillations on dc bias. 
T=4.77 (K). Sample Nl. 

are in phase whereas the oscillations at Id c = -12.5 and 
-53.8 /zA are 180° shifted with respect to SdH oscillations 
at zero dc bias. Figure @Jb) presents a Fourier spectrum 
of the oscillations at Idc = and -32.5 /iA. The inset 
shows a dependence of the amplitude of the first har- 
monic of the oscillations on the dc bias. The experiment 
indicates a reduction of the oscillations with the dc bias 
increase. 

Figures [3] and @] demonstrates strong correlation of the 
dc biased-induced oscillations with the quantum oscilla- 
tions at zero dc bias (SdH oscillations). This is an indica- 
tion that these oscillations have a common origin. Below 
we consider a model, in which the oscillations are induced 
by spatial variations of the number of occupied Landau 
levels across the Hall bar sample. 

IV. MODEL AND DISCUSSION 

Shubnikov-de Haas oscillations occur due to quantiza- 
tion of electron spectrum in a magnetic field [50(. With 
an increase of the magnetic field, energy gaps between 
Landau levels increase and the top occupied Landau level 
intersects the Fermi energy Ep. At this condition resis- 
tivity of the electron systems is at a maximum. When the 
Fermi energy is between two Landau levels the resistiv- 
ity is at a minimum. Thus the resistance oscillates with 
variations of the number of the Landau levels occupied 
by electrons. 
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FIG. 5: Schematic diagram of a GaAs quantum well with 
AlAs/GaAs short-period superlattice barriers. The two lower 
plots show the Fermi energy level Ef, the edges of the con- 
duction band Ur and Ux and the density distributions of Y 
and X electrons. 
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FIG. 6: Dependence of the electric potential on position y in 
the direction perpendicular to the electric current in strong 
magnetic field. Line V]f describes the potential in GaAs 
quantum well, in which strong Hall effect is developed. Line 
Vjf L describes the potential in the highly resistive superlattice 
layer, in which the Hall voltage is negligibly small due to the 
negligibly small current in the layer. 



We propose that the dc bias-induced oscillations also 
occur due to a variation of the electron filling factor 
but, in contrast to SdH oscillations, the variation ap- 
pears across the sample and is related to a spatial change 
of electron density Sn. If the change is comparable 
with the number of electron states in a Landau level 
no = m/(irh 2 ) -huia, then one should expect a variation of 
the electron resistivity. As shown below the spatial vari- 
ation of the resitivity leads to oscillations of the sample 
resistance. 

A simple electrostatic estimation demonstrates that in 
a vacuum the variation of electron density Sn ~ no cre- 
ates a voltage, which is on several orders of magnitude 
stronger than the one observed in the experiment. The 
estimation dictates, therefore, the presence of a strong 
screening of electric charges eSn in the samples. The pro- 
posed model assumes that the screening is due to Xelec- 
trons, which are located near the conducting 2D layer. 

Figure [5] shows a schematic diagram of our samples. 
The conducting GaAs quantum well is sandwiched be- 
tween two la yers of AlAs/GaAs superlattices (SLs) of the 
second kind [48] . The main purpose of the X electrons is 
to enhance the electron mobility by screening the charged 
impurities near the conducting 2D layer. The parame- 
ters of the superlattices are adjusted to set the system 
close to a metal-insulator transition. At this condition 
the barely conducting SL layers efficiently screen electric 
charges and do not contribute considerably to the overall 
conductivity of the structure. 

To estimate parameters relevant to the screening of 



the electron density Sn we consider the superlattice as a 
metallic sheet placed at a distance d from the conduct- 
ing layer. A spatial variation of the electron density Sn 
induces a variation of the voltage V(r) across the layer: 
eSn(r) = CV(r), where C = ee /d is capacitance of the 
structure per unit area, e = 12 is lattice permittivity, 
and eo = is permittivity of free space. A typical electric 
potential in the present experiments is V = 60 mV at B 
= 2 (T). This yields d ~ ee Q V/(en ) = 39 (nm). This 
distance is comparable with the thickness of the super- 
lattice: 27-80 (nm). 

Electric contacts connect the GaAs and the SL layers. 
Thus the system is considered as a set of parallel con- 
ductors. At zero magnetic field the distribution of the 
electric potential driving the current is the same in all 
layers due to the same shape of the conductors. That is 
to say at B = the potential difference between different 
layers is absent. In the poorly conducting SL layers the 
electric current is several order of magnitude smaller than 
the one in the highly conducting GaAs quantum well. 

The layers have a different distribution of the electric 
potential in a strong magnetic field, at which u} c T?f 3> 1 
and u c Tt r L <C 1, where r t 2 r D and rf r L are transport times 
in the GaAs and in the SL layers. The distribution is 
shown in Fig. [6]Ja) for a small total current (linear re- 
sponse). At ujt^ 3> 1 the electric field in the GaAs layer 
is almost perpendicular to the current due to the strong 
Hall effect. In contrast, the very small electric current in 
the SL layer induces a Hall voltage, which is negligible. 
The Hall voltages are shown in the Fig. UJa). Figure 
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[6jb) presents distribution of electric charges in the struc- 
ture. Electric charges are accumulated near the edges of 
the 2D highly conducting GaAs layer, inducing the Hall 
electric field Ejj. The charges are partially screened by 
charges accumulated in the conducting SL layers. 

Due to the small Hall voltage Efj L and the absence 
of the electric current across the system the change of 
the electric potential 4> SL (y) in the SL layer is negligibly 
small. Below we consider the potential as a con- 
stant. Due to a finite screening length X s in the SL layer 
the charge accumulation occurs at a distance d ~ A s . Be- 
low we approximate the charge distribution by a charged 
capacitor with an effective distance d e fj between con- 
ducting plates. 

A simplified model of the observed oscillations is pre- 
sented below. The model considers a long 2D Hall bar 



with a width L y [511 . 152j . Electric current is in the x di- 
rection and the Hall electric field is in the y direction. In 
a long conductor the electric field E = (E x ,E y ) is inde- 
pendent on x, due to the uniformity of the system in x 
direction: 



dE x dE y 



dx 



dx 







(1) 



For a steady current Maxwell equations yield: 



dE x dK, 



dy 



dx 



(2) 



Equations ((T|) and eq.© indicate, that the x compo- 
nent of the electric field is the same at any location: 
E x = E =const. 

Boundary conditions and the continuity equation re- 
quire that the density of the electric current in y direction 



is zero: J y — and therefore, 



Err 



Pxx^x PyxJx 



(3) 



where p xx and p yx are longitudinal and Hall components 
of the resistivity tensor [53j. We approximate the SdH 
oscillations of the resistivity by a simple expression [5J] : 



Pxx(n(y)) = p D 



a ■ cos 



n 



(4) 



where pjj is Drude resistivity and a describes the ampli- 
tude of the quantum oscillations. At a SdH maximum 
(minimum) filling factor v = n/nn is half integer (inte- 
ger). 

An electrostatic evaluation of the voltage between con- 
ducting layers, shown in Figjljjb), yields: 



,2D 



(y) 



kSL 



edn(y)d ef f 
2ee 



(5) 



where <p 2D and <p SL are electric potentials of the GaAs 
[2D electrong as (2DEG)] and superlattice (SL) layers, 
and e is permittivity of the SL layer. Expressing the elec- 
tron density 6n in terms of electric potential (j> 2D from 
Eqf5] and substituting the relation into Eq.Q one can 
find dependence of the resistitivity on the electric poten- 
tial: P xx(<f> 2D ). 

The relation E y = -d<j) 2D /dy together with Eq.Q 
yields: 



k 2D 



dy 



PyxE 



(6) 



Separation of the variables cf> 2D and y and subsequent 
integration of Eq.© between two sides of the 2D conduc- 
tor (y direction) with corresponding electric potentials 0i 
and 02 yield the following result: 



Pd(</>2 - 0i - f {sin[/3(0 2 - 0i)] 

XC0S[/3((I)2 + 0l) + O ]}) = PxyELy 

(3 = 27re e/(ed e //n ), 
O = 27m/n - 2/30 Si 



(7) 



where L y is a width of the sample. Taking into account 
that longitudinal voltage is V xx = EL X , where L x is a dis- 
tance between the potential contacts, and the Hall volt- 
age V H = 02 - 0i = - / Eydy = -p yx I [see Eq.©], the 
following relation is obtained: 



Rd I 



PPxy 



sin((3p xy I) ■ cos[P(4>2 + 0i ) + 0q 



(8) 

, where Rd = L x pr>/L y is Drude resistance. 

Equation [8] is simplified further for filling factors cor- 
responding to a minimum or a maximum of SdH oscil- 
lations. In this case the voltage <fi 2D (5y) — cj) SL is ex- 
pected to be an asymmetric function of the relative posi- 
tion Sy = y — yo with respect to the center of the sample 
yo : 0i — (j) SL = — (02 — Si ).[5^| An example of the asym- 
metric distribution of the electric potential is shown in 
Fig. El(a) for small currents. In this case 0i + 02 = 20 SL 
and the argument of the cosine in Eq. ([8|) becomes inde- 
pendent on the electric current. For the integer (a SdH 
minimum) and half-integer (a SdH maximum) filling fac- 
tors the differential resistance r xx = dV xx /dI is found to 
be 



Rd 



1 — a ■ cos ( 2ir — J • cos ( 2tt — 

IqJ \ n 



(9) 



where In = e " s,n . 

u uh eeo 

Equation [9] demonstrates periodic oscillations of the 
differential resistance with both the electric current / and 
the inverse magnetic field (no ~ B). The period of the 
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current induced oscillations Iq does not depend on the 
magnetic field and temperature in accordance with the 
experiment. The phase difference between oscillations 
starting at the SdH maxima and minima is tt, which is 
in agreement with FigsOJd) andQIe). The period of the 
oscillations shown above Jo rj 35 (/iA) indicates that the 
screening occurs at an effective distance d e f f ss 36 (nm) . 
The distance is comparable with thicknesses of the SL 
layers: 27 and 76 nm. 

The f/B periodic oscillations of the resistance R xx at 
I = i ■ Iq (i=l,2...) are in-phase with SdH oscillations 
[1=0 (A)] whereas a phase of the oscillations at I = (i — 
1/2) • Jq is shifted by tt with respect to the phase of the 
SdH oscillations. This is in agreement with the results 
presented in FigUJa). 

Figures[T{d),[lJe), andHJb) show that the amplitude of 
the oscillations depends on the current: the oscillations 
are weaker at a higher current. This behavior is beyond 
the simplified model presented above. There are several 
possible mechanisms which may affect the amplitude of 
the quantum oscillations. One of the possibilities is the 
Joule heating. The heating may significantly decrease the 
amplitude of quantum oscillations [13, [12] reducing the 
magnitude of the spatial variations of the local resistivity. 

The current induced oscillations are absent in samples 
N3 and N4. These samples have the same electron densi- 
ties and mobilities as samples Nl and N2 but four times 
shorter quantum scattering time r q . We suggest that the 
observed significant difference in the r q and the absence 
of the oscillations is result of a less effective screening in 
the SL layers of the samples N3, N4. A weaker screening 
is expected in conducting superlattices, which are closer 
to the metal-insulator transition. In this case the screen- 
ing of an electric charge occurs at a larger distance \ s due 
to smaller density of conducting states. Thus the effec- 
tive thickness d e ff ~ X s and therefore the period Jo can 
be significantly larger in weaker conducting SL layers. 



V. CONCLUSION 

Oscillations of differential resistance are observed in re- 
sponse to both electric current and magnetic field, which 
is applied perpendicular to 2D electrons in GaAs quan- 
tum wells. The oscillations are periodic with the current 
and with the inverse magnetic field. The period of the 
current induced oscillations does not depend on magnetic 
field and temperature. The SdH oscillations are a part 
of the set at zero dc bias. The proposed model considers 
spatial variations of the electron filling factor, which are 
induced by applied dc bias, as the origin of the resistance 
oscillations. The present experiment, thus, indicates a 
feasibility of the significant re-population of Landau lev- 
els by the electric current. 
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